INTRODUCTION
Controlling a process such as injection molding can be quite complicated, due to the thermo-viscoelastic nature of polymers. Control of part quality has traditionally been provided by the machine operator who first defines "quality" for the specific part being manufactured. Second, using measurements of the quality of each part, the machine settings (or polymer state trajectories) are varied to optimize the result. Significant research and discussion has centered around improvements to this control strategy. Researchers suggest control can be simplified through the use of process control loops allowing the operator to prescribe state trajectories as control inputs to the system. They suggest that process parameters such as melt temperature and cavity pressure have a simpler, more direct relationship with product quality than the machine variables. [1] Others have treated the process as a linear multivariate system. [2] Attempts at intelligent or learning strategies include such studies as an expert system based on cavity pressure feedback [3] , and a technique that useS an evolutionary strategy to search for the machine settings that optimize part quality. [4] New sensors, monitoring both the polymer state during processing and the final product quality, must be developed in order to implement these new control strategies. The significance of the intelligent strategies mentioned above is that they directly control part quality. To provide this control, feedback is needed; a method (preferably automatic) is required to provide a quantified measurement. The need for new sensor technologies has been discussed in [1] and [5] , and several techniques have been investigated in [6] .
In this paper an ultrasonic sensor is investigated that provides the ability to monitor the mold filling and polymer solidification process, predicting final product quality parameters and identifying defective products early in the manufacturing process. Ultrasonic techniques have been investigated for application to polymer processing for many years. [7] The sensor applied here is somewhat similar in function to the cavity pressure transducer discussed in [3] bringing with it the advantages associated with ultrasonic techniques. In a review of applications of ultrasonic sensing techniques to the chemical and process industries, R. C. Asher notes that a primary advantage that ultrasonic sensors have over many other techniques is the ability to sense non-invasively. [8] The sensor discussed below is used to ultrasonically monitor the conditions in an injection mold during the molding process. It does this non-invasively, eliminating the surface imperfections created at the junction between the transducer face and the surrounding cavity surface.
EXPERIMENTAL SETUP
Utrasonic transducers were placed in an injection mold so that an echo could be received from the cavity surface in a pulse echo technique, or a pulse travelling through the polymer could be received in a through transmission arrangement. One transducer was placed in a cavity cut in the C plate of an injection mold and coupled directly to the B plate as shown in Fig. lb . A second cavity was cut in the top clamping plate directly opposite the fIrst cavity. A transducer installed in this cavity and coupled to the A plate allows investigation of the plastic part during molding using either pulse echo operation from either side of the mold or through transmission using both transducers. The transducers were located at the last point to fill, perpendicular to the parting line of the mold. In this instance the measurements are taken directly through the mold steel, without any modifIcation of the cavity surface. Thus, conditions in the mold cavity are unaffected by the presence of the transducer. The "Drexel D" key chain mold used for this demonstration fllls from the gate shown in Fig. la , causing the point of the D to fIll last, which has been verifIed experimentally by causing short shots.
The equipment setup is shown in Fig. 2 a. Here an ultrasonic pulser/receiver generates an acoustic pulse and amplifIes the reflected echoes. This amplifIed signal is digitized and transferred to a computer where it is processed and stored. The computer is also interfaced to the injection molding machine and is able to both monitor and control the machine variables.
PULSE ECHO EXPERIMENTS
In the pulse echo mode, transducer A, shown in Fig. I b, sends a longitudinal acoustic wave that propagates to the mold surface and then reflects back. The signal received from this confIguration is shown in Fig. 2b . The fIrst echo to arrive is the reflection from the cavity surface. Approximately one microsecond later a second echo arrives, reflected from the mating surface of the mold. Note that the tip of the D has a vent extending to the edge of the mold to allow air to escape as shown in Fig. la The second reflection comes primarily from this vent area The significance of this will be discussed later.
Presence of polymer in the mold can be detected by changes in amplitude of the echo from the cavity surface. When the mold fills properly, the amplitude of this echo is reduced by approximately 8% as indicated by the dashed waveform in Fig. 2 b. The drop is due to the acoustic coupling between steel and plastic. When air is present virtually all of the incident energy is reflected, but when plastic fIlls the mold, some of the acoustic energy is transmitted into the plastic and consequently the reflected amplitude is reduced. This change in reflection factor is the physical basis for the sensor's sensitivity to molding conditions. Since the acoustic impedance is a function of density, the change in reflection factor should be greater for the denser materials used in processes such as die casting of metals or injection molding of powdered metal slurries.
SIGNAL PROCESSING
Since the measurement of interest is the variation in amplitude of the echo reflected from the mold cavity, it is not necessary or desirable to retain the entire wave form shown in Fig.  2 b. It would be most effIcient to reduce this wave form to a single number indicating changes in the reflection factor at the mold cavity surface. This was implemented as follows:
To minimize errors due to noise and jitter in the data acquisition electronics, the signal was rectifIed and integrated within gated areas surrounding the two echoes (see Fig. 2b ). This produced two numbers, each sensitive to the amplitude of the signal within its gate. Calculating the ratio of these two numbers eliminated errors due to variation in the excitation pulse or variation in the amplifIcation electronics. The result is a single number representing the ratio between the amplitudes of the two reflected echoes: where x(t) represents the amplitude of the acoustic signal and, for a digital signal, the integral becomes a summation. The result S is plotted versus time on a computer display. The entire conversion/calculation/display process can be completed at a rate of approximately 10 Hz.
RESULTS
The sensor output for four parts made with differing machine parameters are shown in Fig. 3 . As demonstrated by the signal from part A, when the injected plastic fills the mold cavity in the area inspected by the sensor, the sensor signal drops significantly, indicating the presence of the plastic. As the plastic cools in the mold, it begins to shrink, pulling away from the cavity surface. Simultaneously, the sensor output tends back toward its initial level. At the end of the cooling time, the mold opens and the part is ejected. The sensor output changes slightly due to the mold opening and closing, which serves to mark the molding sequence. This change is evident in part D where the part was incompletely filled. Specific features identified from the sensor output can be used to predict details of the final part geometry:
The first three parts (A, B, and C) were complete parts and this is reflected in the sensor signal by a drop from the initial level shortly after injection. Part D was made using machine settings that caused a short shot and the resulting sensor signal shows no drop at injection. This demonstrates the sensor's utility as a short shot sensor. For most molds the location within the cavity that will not fill under short shot conditions can be reliably predicted, either by inspection for simple molds or using a mold filling simulation. Thus, a single sensor can be used to monitor the ftlling of a mold cavity which extends well beyond its inspectable range. In the case where the location of the short shot cannot be reliably predicted, multiple cavity molds for instance, the technique can be expanded to an array of transducers each element inspecting a potential short shot sight 
This phenomenon is explained by changes in the amplitude of the vent echo. Flash in the vent area provides a transmission path for acoustic energy incident on the vent surface. In this case, both the cavity echo and the vent echo drop in amplitude. The cavity echo is affected more strongly since the total reflecting surface that produces this echo is contacted by plastic while only a portion of the vent echo comes from a surface that has been contacted by plastic. Thus, the signal initially drops indicating the ftlling of the mold. While most of the plastic in the mold cavity eventually shrinks away from the wall, the plastic in the vent area, frozen very rapidly under flow, shrinks very little and retains contact with the vent surface throughout the entire period the mold is closed. This explains the rise of the signal output to levels higher than the initial, mold empty level.
Shrinka~e Sensin~
Further examination of the signals in Fig. 3 reveals that the sensor output during the time the plastic is cooling in the mold is significantly different from part to part. This is particularly evident when comparing parts B and C. When examined visually, it is apparent that part B shrank significantly more than C. This generates a new question for investigation: Can a feature of the sensor output curve be used as an indicator of part shrinkage?
To investigate this question, an experiment was performed varying four different machine parameters between two levels in order to create parts with varied amounts of shrinkage. This technique reduces the possibility that the sensor signal is sensitive to changing process settings which also happen to affect shrinkage. The machine was operated for 15 minutes before the test samples were taken at each of the two temperature settings to insure a steady state condition. The signal from the acoustic sensor was collected and stored for each of the parts in the experiment The parts were allowed to stabilize at room temperature for 48 hours after which, the sprue and runners were removed, the parts were weighed, and two dimensions were measured. Dimension A is the part thickness directly in front of the transducer and dimension B is approximately 1/2 inch from the inspected area (see Fig. 4a ). This second measurement was taken to investigate the ability of the single transducer to predict conditions at other places in the mold.
Feature Identification and Extraction
In order to test the given hypothesis it is necessary to compare the sensor signals in a quantifiable manner. Some consistent, measurable feature must be identified that can be extracted from the signals and correlated with the output measurements. The feature selected was the area of depressed signal (see Fig. 4b ). This was implemented by integrating the difference between the sensor output and the average signal level before injection: Thus, a single number, referred to as Down Time (DT), was produced that is proportional to the time the signal remains below its initial average level weighted by the amount of reduction in signal level. This is not the only feature that might be chosen. Alternative features that might have been chosen are: time elapsed while the signal is depressed by at least 5%, the maximum drop in signal, or the average slope of the depressed signal as the part cools.
Quality measurements weight and shrinkage were plotted against DT and the results are displayed in Fig. S. Fig. Sa demonstrates that the final dimension of the part, measured directly under the transducer, does correlate with the sensor signal. The relationship was fitted to a logarithmic curve for two reasons: first, this relationship provided a higher correlation than a linear model, and second, one would expect the actual curve to tend toward zero slope for large values of DT and tend toward zero dimension for zero DT.
A visual inspection leads to the conclusion that parts with small values of DT are more shrunk, but the actual shape of two parts that appear equally shrunk may be very different. The visual impression further implies that there should be a strong correlation between a measurement of averaged shrinkage and the DT feature. This general impression was reinforced by the results from dimension B and the part weight. Dimension B, measured at a distance from the transducer face, did not correlate well with the sensor output as shown in Sc, demonstrate a stronger correlation with DT than the dimension A shrinkage data. If the density is assumed to be fairly constant from part to part, the part weight can be considered a measure of average shrinkage.
THROUGH TRANSMISSION EXPERIMENTS
A signal travelling through the plastic should show a much larger sensitivity to processing conditions than a signal from the reflection factor sensor described above. Using the setup shown in Fig. lb some preliminary experiments have been done monitoring the pulse transmitted through the plastic. To provide rapid acquisition and minimal storage requirements, the ultrasonic signal is decomposed into arrival time and amplitude as shown in Fig. 6a . Monitoring the mold throughout the molding cycle we find that a signal appears only after the mold fills, increasing rapidly in both velocity and amplitude as the liquid polymer is compressed to full pressure. As the polymer slowly solidifies the velocity continues to increase, due to the increasing modulus, while the amplitude decays slowly to . . zero as the part shrinks and pulls away from the cavity surface (see Fig. 6b ).
Examining the variation in velocity during the molding cycle in polypropylene (a semicrystalline polymer), the sensitivity to processing conditions becomes evident. In Fig. 7a the sensitivity to variations in injection pressure is demonstrated. The velocity stabilizes approximately 20 seconds after the cavity is fIlled. This can be attributed to the polymer reaching full crystallization. If the temperature of the plastic at the time of injection is raised as shown in 7b the velocity is initially slower due to the hotter, lower modulus melt. The velocity also takes longer to stabilize as the polymer tales longer to crystallize, and the velocity stabilizes at a higher value, possibly indicating a higher fmal crystallinity. If the frequency of the transducer is changed, as in 7c, the velocity varies indicating the viscoelastic nature of the molten polymer.
In 7a-7c the injection pressure was applied for 40 seconds. By varying the amount of time the pressure was applied, or hold time, the result in 7d was obtained. When the hold time was removed after 4 seconds, the polymer experienced an elastic decompression indicated by the vertical drop in velocity. At intermediate hold times the velocity remains fairly constant after the pressure is removed. This is due to the competing effects of pressure and temperature on the modulus, with the temperature decreasing as the viscous liquid slowly decompresses. Signals for times longer than 24 seconds are identical, indicating that the polymer solidified before the pressure was removed.
The above experiments suggest the potential to monitor solidification and crystallization; variations in density or modulus, with possible correlations to fmal strength or modulus; and process variables such as temperature and pressure in the cavity, if the effects of density and modulus on sonic velocity can be decoupled.
CONCLUSIONS
An ultrasonic sensor was demonstrated to detect short shot, flash, and shrinkage during injection molding. It should be effective for any mold geometry and any material that will acoustically couple to the mold surface. This sensor can be used as an in-situ monitor of the quality of molded parts. The non-invasive nature of this technique implies that it can be implemented on molds of complex geometry without modification of the transducer face. The measurement can be applied to molded parts with stringent surface quality requirements, since it requires no break in the cavity surface that would create a mark on the part surface. Preliminary investigation of the through transmission technique suggests the potential for monitoring insitu density and modulus, solidification state of the polymer, as well as the quality parameters discussed above. Applications of this technique will be limited to geometries and materials that allow a pulse to be transmitted through the polymer.
